Circadian rhythms in physiology and behavior are known to be influenced by the estrous cycle in female rodents. The clock genes responsible for the generation of circadian oscillations are widely expressed both within the central nervous system and peripheral tissues, including those that comprise the reproductive system. To address whether the estrous cycle affects rhythms of clock gene expression in peripheral tissues, we first examined rhythms of clock gene expression (Per1, Per2, Bmal1) in reproductive (uterus, ovary) and non-reproductive (liver) tissues of cycling rats using quantitative real-time PCR (in vivo) and luminescent recording methods to measure circadian rhythms of PER2 expression in tissue explant cultures from cycling PER2::LUCIFERASE (PER2::LUC) knockin mice (ex vivo). We found significant estrous variations of clock gene expression in all three tissues in vivo, and in the uterus ex vivo. We also found that exogenous application of estrogen and progesterone altered rhythms of PER2::LUC expression in the uterus. In addition, we measured the effects of ovarian steroids on clock gene expression in a human breast cancer cell line (MCF-7 cells) as a model for endocrine cells that contain both the steroid hormone receptors and clock genes. We found that progesterone, but not estrogen, acutely up-regulated Per1, Per2, and Bmal1 expression in MCF-7 cells. Together, our findings demonstrate that the timing of the circadian clock in reproductive tissues is influenced by the estrous cycle and suggest that fluctuating steroid hormone levels may be responsible, in part, through direct effects on the timing of clock gene expression.
Introduction
The circadian and reproductive systems communicate bidirectionally through the brain and periphery to coordinate the timing of important reproductive events. The central circadian clock located in the suprachiasmatic nucleus (SCN) of the hypothalamus generates daily oscillations [1] responsible for organizing the timing of most behaviors and physiological events in mammals, including the luteinizing hormone (LH) surge during the estrous cycle that triggers ovulation [2, 3] . In cycling female rodents, the LH surge occurs on the day of proestrus at a specific "critical period" in the late afternoon, approximately 2-4 h before lights-off [4, 5] . In female rats, SCN-lesions abolish this LH surge and prevent ovulation [6] .
Reproductive events, in turn, have both direct and indirect feedback effects on the temporal organization of behavior and physiology. For example, in humans, menstruation, pregnancy and menopause have all been associated with sleep disorders and changes in body temperature rhythms [7] [8] [9] [10] . Similarly, circadian rhythms of activity significantly change during the estrous cycle in rodents [11] [12] [13] [14] : female rats show phase advances of locomotor activity and higher total activity during stages of proestrus and estrus relative to diestrus [11] . Estrogen itself alters circadian rhythms, as implants shorten the period of locomotor activity of female rats and hamsters while increasing both the amplitude and activity bout length [12] [13] [14] . Interestingly, these estrogenic effects are alleviated in the presence of progesterone, suggesting that complex regulation of the hormonal milieu across the estrous cycle is necessary for the observed behavioral effects.
Our understanding of the specific role of the SCN in both the timing of reproductive events and in the temporal reorganization during these events has been bolstered by our increased understanding of the molecular clock and its constituent clock genes, which drive circadian rhythms of gene expression and physiology with a 24 h period. These genes and their protein products are orga-nized into interlocking positive and negative transcriptional and translational feedback loops that regulate circadian rhythm generation in the SCN [15] . A recent and important finding revealed that the same or similar molecular feedback loops found in SCN cells, are also present in a majority of peripheral organs [16] . Furthermore, evidence suggests that several of these peripheral clocks can continue to oscillate in the absence of the SCN [17] . Therefore, it is possible that peripheral oscillators may locally regulate physiology while also receiving modulatory timing cues from the SCN. Although numerous studies have described the expression of circadian clock genes in reproductive tissues, including the ovary [18, 19] and uterus [20, 21] , the physiological function of clock genes in tissues of the reproductive system remains largely unknown. Further, the very nature of the temporal cues carrying timing information from the SCN to peripheral oscillators, and perhaps in the reverse direction, are also poorly understood. Several reports demonstrate reproductive dysfunctions in mice with clock gene mutations [22, 23] . For example, female Clock-mutant mice, which carry a 51-amino acid deletion in the transcriptional activation domain of the CLOCK protein gene, have irregular estrous cycles, do not have a normal LH surge on the day of proestrus [23] and fail to show circadian rhythms of clock gene expression in the uterus [22] .
In the present study, our goal was to address two hypotheses: (1) that the estrous cycle drives changes in the timing of the circadian clocks in reproductive tissues and (2) that fluctuating levels of circulating ovarian steroid hormones [17␤-estradiol (E2) and progesterone (P4)] during the cycle modulate the timing of clock gene expression in target oscillators. To address these hypotheses, we have employed four sets of experiments using multiple levels of analysis. First, using cycling rats, we measured diurnal rhythms of Per1, Per2, and Bmal1 mRNA as a function of estrous cycle stage in both reproductive (uterus and ovary) and non-reproductive tissues (liver). Second, using tissue explants from PER2::LUCIFERASE (PER2::LUC) knockin mice, we compared rhythmic properties of both central and peripheral clocks at different stages of the estrous cycle. To examine the putative role for circulating ovarian steroid hormones, we measured their lasting effects on the period of PER2::LUC expression rhythms in uterine explants from mice. Finally, using the MCF-7 human cancer cell line as a model for endocrine cells containing both steroid hormone receptors and circadian clock genes, we examined the effects of acute E2 or P4-treatment on the level of clock gene expression.
Experimental

Experiment 1: Effects of the estrous cycle on diurnal rhythms of clock gene expression in peripheral tissues of rats
Intact female Wistar rats were obtained from Charles River Laboratories (Yokohama, Japan) at 7-8 weeks of age, and were maintained under controlled environmental conditions (temperature, 24 ± 1 • C; lights on at 06:00 to 18:00 h) with food and water available ad libitum for at least 2 weeks. Vaginal smears were taken every morning and those rats that exhibited at least two consecutive 4-day estrous cycles were used in the present study. Animals were sacrificed in groups on the same day of the estrous cycle by deep ether anesthesia every 4 h beginning at ZT 0 (zeitgeber time; ZT 12 is defined as the time of lights-off; n = 4 for each time point). After the uterus, ovary, and liver were rapidly removed, and tissues were frozen in dry ice and stored at −80 • C. All animal housing and surgical procedures were in accordance with the guidelines of the Japanese Physiological Society and were approved by the Institutional Animal Care and Use Committee of Graduate School of Bioagricultural Sciences in Nagoya University.
RNA from the uterus, ovary, and liver was extracted with TRIzol solution (Invitrogen, Carlsbad, CA) and digested with DNase (Invitrogen) to remove possible DNA contaminants. The samples were dissolved in 20 l of diethyl pyrocarbonate-treated water and stored at −80 • C until use. 1 g of total RNA was reverse transcribed to cDNA with random primers using SuperScript II RT (Invitrogen). Real-time PCR was performed at 95 • C for 10 min and then run for 35 cycles at 95 • C for 15 s, 60 • C for 1 min using SYBR ® Green (Applied Biosystems, Foster City, CA) and the ABI PRISM ® 7000 real-time PCR system (Applied Biosystems). PCR primers were designed using Primer Express V1.0 Software (Applied Biosystems) and the sequences of the primers were as follows: Per1 (GenBank accession number: AB092976), 5 -GCTTGTGTGGACTGTGGTAGCA-3 and 5 -GCCCCAATCCATCCAGTTCT-3 ; Per2 (GenBank accession number: AB016532), 5 -AAGCATCCAGTCCTGTTTTCTTTAGA-3 and 5 -CATCGCACAAACTCTGAGAGCTTA-3 ; Bmal1 (GenBank accession number: AB012600), 5 -GGAGAAGGTGGCCCAAAGAG-3 and 5 -TCGGCAATCATTCGACCTATT-3 ; cyclophilin (GenBank accession number: M19533), 5 -GGGTTCCTCCTTTCACAGAATTATT-3 and 5 -TTGCCACCAGTGCCATTATG-3 . Relative standard curves were created with serially diluted cDNA product for each transcript (0, 10 2 , 10 3 , 10 4 , 10 5 10 6 , 10 7 , 10 8 copies/l). All cDNA samples (10-100 ng) were analyzed in duplicate and amounts of the target cDNA were calculated. A melt curve analysis was then performed to confirm there was no non-specific product amplification. In addition, to correct for variations in RNA and/or cDNA quality and quantity, average transcript levels of the target genes were normalized to the average level of the constitutively expressed housekeeping gene Cyclophilin.
Experiment 2:
Effects of the estrous cycle on circadian rhythms of PER2::LUC expression in tissue explants from mice Three to 4-month-old intact female PER2::LUC knockin mice (originally purchased from The Jackson Laboratory, Bar Harbor, ME [17] ) from our breeding colony were used for all experiments. Animals were maintained under controlled environmental conditions (temperature, 22 ± 2 • C; lights on at 08:00 to 20:00 h) with food and water available ad libitum. Vaginal smears were taken daily and those mice that exhibited at least two consecutive 4-or 5-day estrous cycles were used in the present study. All procedures and standards of care were approved by the UCLA Division of Laboratory Animals and were conducted according to the National Institutes of Health guidelines for the use of experimental animals. Mice identified at stages of proestrus or metestrus were euthanized 1-2 h before lights-off with deep isoflurane anesthesia, rapidly decapitated and tissue culture procedures were carried out as previously described [24] . Briefly, for SCN cultures, brain tissue was removed, placed in chilled Hank's buffered salt solution (HBSS) and sliced in the coronal plane on a vibratome at a thickness of 300 m. The bilateral SCN and a minimum of surrounding tissue were isolated from the slice using scalpels. The uterus, ovary, and liver were removed, placed in chilled HBSS, isolated from the surrounding adipose tissue and dissected into small pieces (≈1 mm 3 ) with the aid of a dissecting microscope. SCN slices and peripheral tissue explants were placed at the liquid interface on membranes (Millicell-CM, PICM030-50; Millipore, Billerica, MA) in 35 mm dishes (Nunc, Thermo Fisher Scientific, Rochester, NY) containing 1.0 ml recording medium [serum-free, no sodium bicarbonate, no phenol red, Dulbecco's modified Eagle's medium (DMEM; D-2902, Sigma-Aldrich; St. Louis, MO)] supplemented with 0.35 g/l sodium bicarbonate, 10 mM HEPES (pH 7.2), B27 supplement (2%; 17504-010, Invitrogen) and 0.1 mM luciferin (beetle luciferin, potassium salt; Promega, Madison, WI) and antibiotics (25 U/ml penicillin, 25 mg/ml streptomycin; Invitrogen). Although serum-free, our cell culture medium for uterine explants contains a B27 supplement that is known to contain a small amount of P4 [25] . The dishes were sealed using vacuum grease and placed into a LumiCycle (Actimetrics, Wilmette, IL) inside a light-tight 36.5 • C environmental chamber.
The bioluminescence signal was counted in 1 min bins every 10 min for at least 4 days and data were normalized by subtraction of the 24 h running average from the raw data and then smoothed with a 2 h running average (Origin Lab 7.0; Origin Labs Inc., Northampton, MA). The peak was calculated as the highest point of smoothed data during the interval between 12 and 36 h in culture. The amplitude was summed by the first lowest point and the next highest point of the data.
Experiment 3:
Effects of estrogen and progesterone on circadian rhythms of PER2::LUC expression in uterine explants from mice
Procedures for animal and tissue culture are identical to those in Experiment 2. Mice identified at stages of metestrus were euthanized 1-2 h before lights-off with deep isoflurane anesthesia, rapidly decapitated and tissue culture procedures were carried out. Hormone treatment was carried out 2 days after the onset of recording. This delay allows us to monitor at least one full cycle of luminescence before the start of treatment and allows us to simultaneously mimic the timing of the steroid hormone background on proestrus. Culture dishes were temporarily removed from the LumiCycle and stock solutions of E2 and P4 were directly applied to culture media at projected ZT 1 (for E2; in the morning) and ZT 7 (for P4; in the afternoon). The dishes were returned to the LumiCycle and recording resumed. The peak and amplitude were calculated from smoothed data after the treatments.
Experiment 4:
Effects of estrogen or progesterone on the expression of Per1, Per2, and Bmal1 mRNA in MCF-7 human cancer cells
Human breast cancer MCF-7 cells (ER and PR positive; ATCC HTB-22) were cultured at 37 • C (5% CO 2 ) in DMEM (Invitrogen) supplemented with 10% FBS (Omega Scientific Inc., Tarzana, CA) containing 50 U/ml penicillin and 50 g/ml streptomycin. Approximately 5 × 10 4 cells were seeded in a 24-well dish at least 3 days before the experiment. When the cells reached 90-100% confluency, they were gently washed with PBS and treated with media containing either compound or vehicle. At the end of treatment, the medium was removed and the cells were washed with PBS once, and TRIzol solution (Invitrogen) was added for RNA extraction. The cells were transferred into 1.5 ml tubes and stored at −80 • C until RNA extraction. Stock solutions of drugs were directly added to the media at a volume of 0.1%. RNA extractions and real-time PCR procedures were identical to those in Experiment 1, with the modification that an iQ5 Real-Time PCR Detection System (BioRad Laboratories; Hercules, CA) was used instead, and the PCR primers were designed to span at least an exon/intron junction to avoid amplification of DNA sequences using Primer3 Software. The sequences of the primers were as follows: Per1 (GenBank accession number: AF022991), 5 -ACTTTACCCAGGAGAAGTCCG-3 and 5 -CTTGGTCACATACGGGGTTAG-3 ; Per2 (GenBank accession number: NM 022817), 5 -CCAGATACCTTTAGCCTGATGA-3 and 5 -GGACCTTCAGCTCCTTTAGTG-3 ; Bmal1 (GenBank accession number: NM 001030272), 5 -TGTGACCGAGGGAAGATACTC-3 and 5 -GGATGCAGGTAGTCAAACAAAC-3 ; cyclophilin (GenBank accession number: NM 000942), 5 -GTGATCTTTGGTCTCTTCGG-3 and 5 -GAAGTCCTTGATTACACGATGG-3 .
Hormones
All hormone compounds were acquired from Sigma-Aldrich. Water-soluble E2 and P4 were diluted in sterile PBS and the progesterone receptor antagonist (RU486) was diluted in ethanol (EtOH).
Statistics
In Experiment 1, data were analyzed by one-way ANOVA to determine diurnal variations of clock gene expression in each tissue as a function of estrous stage, and two-way ANOVA to determine estrous variations of clock gene expression as a function of both time of day (ZT) and estrous stage. In Experiment 2, the Student's t-test was used to compare the peak timing and amplitude differences between the proestrus and metestrus groups. In other experiments, statistical significances between groups were determined by one-way ANOVA followed by Tukey's post-hoc analyses. All results are presented as the mean ± S.E.M., and were considered significant at P < 0.05.
Results
Experiment 1: Effects of the estrous cycle on diurnal rhythms of clock gene expression in peripheral tissues of rats
To determine whether fluctuating hormone levels during the estrous cycle affect the diurnal rhythm of clock gene expression in tissues of the reproductive system, we examined rhythms of Per1, Per2, and Bmal1 mRNA expression in the uterus, ovary, and liver of female rats at different stages of estrous using quantitative real-time PCR. Although not considered a tissue of the reproductive system, the liver is a well-established peripheral oscillator that displays robust circadian rhythms of clock gene expression. Fig. 1 shows the patterns of Per1, Per2, and Bmal1 mRNA rhythm in the uterus, ovary, and liver. In the uterus (Fig. 1(A) ), Per1 mRNA expression was statistically rhythmic only in the stage of proestrus (see Table 1 for details of statistical analysis). At other stages of the estrous cycle, Per1 expression exhibits a bimodal pattern with two peaks per 24-h cycle. Per2 and Bmal1 mRNA levels in the uterus were found to exhibit significant diurnal variations in all stages of the estrous cycle (Table 1) . Two-way ANOVA revealed a main effect of cycle stage on the rhythm of Per2 expression, but not Per1 and Bmal1 expression, in the uterus (Table 1 ). In addition, the peaks of Per2 mRNA levels fluctuated throughout the estrous cycle such that peak expression was gradually delayed from ZT 12 on proestrus to ZT 16 on diestrus. The F value from the one-way ANOVA analysis indicates that the strongest Per2 mRNA rhythm is on proestrus while the daily rhythms steadily weakened from estrus to diestrus (Table 1) . Fig. 1 (B) displays estrous variations of Per1, Per2, and Bmal1 mRNA rhythm in the ovary. Statistical analysis reveals significant daily rhythms of Per1 mRNA expression peaking at ZT 12 on proestrus, metestrus and diestrus, but not on estrus (Table 1) . Per2 and Bmal1 mRNA levels also exhibited diurnal rhythms in all stages of the estrous cycle, peaking between ZT 12-16 and ZT 20-0, respectively. Two-way ANOVA supported a main effect of the estrous cycle on rhythms of Per1, Per2, and Bmal1 mRNA rhythms in the ovary (Table 1) . Notably, the peak of Per2 mRNA appears slightly advanced on diestrus and proestrus (peaks between ZT 12-14) compared with metestrus and estrus (peaks at ZT 16).
In the liver (Fig. 1(C) ), Per1 mRNA expression levels displayed diurnal rhythms with peak levels at the transition between the light and dark period (ZT 12) throughout the estrous cycle. The F value from the one-way ANOVA analysis indicates that the Per1 mRNA rhythm in the stage of estrus was much lower than other stages (Table 1 ). The expression levels of Per2 and Bmal1 in the liver also showed diurnal rhythms, peaking in the middle of the night (ZT 16) and early morning (ZT 0-4), respectively. Two-way ANOVA revealed a significant main effect of the estrous cycle on all three clock genes mRNA expression rhythms in the liver (Table 1) .
Experiment 2: Effects of the estrous cycle on circadian rhythms of PER2::LUCIFERASE expression in tissue explants from mice
To closely assess the influence of the estrous cycle on rhythms of clock gene expression in peripheral tissues, we conducted bioluminescence recording of tissue explants from cycling PER2::LUC mice. As we are interested in the effects of fluctuating hormone levels on the timing of the molecular clock in target tissues of the reproductive system, we chose to examine tissue culture explants from animals at different stages of the cycle. Given that hormone levels show their largest variations on proestrus and are relatively stable and quiescent on metestrus, we compared tissue explants taken from animals at these two divergent stages of the estrous cycle. We analyzed both the peak time and amplitude on the first complete cycle in culture as a measure of the lasting in vitro effects of the in vivo hormonal milieu prior to euthanasia and tissue culture. We found that cultured SCN, liver, ovary, and uterus from both proestrus and metestrus demonstrated robust circadian rhythms of PER2::LUC expression (Fig. 2(A) ). In the SCN and ovary, we did not observe a significant effect of estrous stage on the peak phase and amplitude of PER2::LUC expression (Fig. 2(B) and (C)). Although there was a trend suggesting that the estrous stage influenced the peak phase and amplitude of the PER2::LUC rhythm in the liver, this effect was not significant (Fig. 2(B) and (C); P = 0.11, Student's t-test). Notably, the estrous cycle did have a significant effect on the peak phase and amplitude of PER2::LUC expression in the uterus. The rhythm on proestrus displayed an earlier peak time (≈4 h) and significantly larger amplitude (≈2-fold) relative to the rhythm on metestrus (Fig. 2(B) and (C); P < 0.01, Student's t-test).
Experiment 3: Effects of estrogen and progesterone on circadian rhythms of PER2::LUC expression in uterine explants from mice
Since we observed significant estrous variations of Per2 rhythm in the uterus both in vivo and ex vivo, we sought to determine whether ovarian steroid hormones directly modulate circadian rhythms of clock gene expression in the steroid responsive tissue. We examined the effect of exogenous application of E2 and P4 on rhythms of PER2::LUC expression in uterine explants from cycling PER2::LUC mice. Uterine explants were made on the day of metestrus and after 2 days in culture, E2 was applied at projected ZT 1 (morning of proestrus) and P4 was applied at projected ZT 7 (afternoon of proestrus). The uterine explants remained in culture for 2 days after treatment to allow us to measure the peak phase and amplitude for two full circadian cycles (Fig. 3(A) ). Treatment with 10 nM E2 and 1 M P4 did not have a significant effect on the rhythms of PER2::LUC expression in the uterus. Treatment with higher concentrations of P4 (10 M), in the presence of the same concentration of E2 (10 nM), significantly delayed the second peak (P < 0.01 vs. vehicle, Tukey's test) and increased both first (P < 0.05 vs. vehicle, Tukey's test) and second (P < 0.01 vs. vehicle, Tukey's test) peak amplitudes (Fig. 3(B) and (C) ).
Experiment 4:
In Experiment 3, treatment with E2 and P4 increased the amplitude of PER2::LUC expression rhythm in the uterus. To better assess the acute effect of E2 or P4 on clock gene expression in target cells of the uterus, we examined the response of Per1, Per2, and Bmal1 mRNA expression in MCF-7 cells following exposure (1 or 4 h) to E2 or P4. Previous work has established that MCF-7 cells express estrogen (ER␣, ␤) and progesterone (PRA, B) receptors and show appropriate responses following treatment with either hormone [26] . We initially treated MCF-7 cells with a single dose of E2 (10 nM) or P4 (1 M), which approximate physiologically rele- vant concentrations [27] that induce Per1 mRNA expression in the rat uterus [28] . We did not observe a significant effect of 10 nM E2 on Per1, Per2, and Bmal1 mRNA expression in MCF-7 cells (Fig. 4) . However, treatment with 1 M P4 (P < 0.01 vs. vehicle, Tukey's test) resulted in a significant increase in Per1 mRNA within 1 h (Fig. 4(A) ) which was further potentiated after 4 h (P < 0.01 vs. vehicle, Tukey's test). Further, treatment with 1 M P4 for 4 h, but not 1 h, induced a 2-fold increase in Per2 mRNA expression (Fig. 4(B) ; P < 0.01 vs. vehicle, Tukey's test). In addition, treatment for 4 h with 1 M P4 significantly increased the level of Bmal1 mRNA expression in MCF-7 cells (Fig. 4(C) ; P < 0.01 vs. vehicle, Tukey's test).
We decided to examine the dose-and receptor-dependent effects of P4 on the molecular clock in MCF-7 cells. To this end, we assessed the effects of P4-treatment at several concentrations in the presence or absence of the progesterone receptor antagonist RU486. We treated MCF-7 cells with 10 nM, 100 nM, 1 M, or 10 M P4 for 4 h. We observed a dose-dependent increase in Per1 mRNA expression in MCF-7 cells following treatment with P4. P4 at concentrations of 10 nM and 100 nM did not alter the expression levels of Per1, whereas 1 and 10 M P4 significantly increased the expression of Per1 mRNA in MCF-7 cells (Fig. 5(A) ; P < 0.01 vs. vehicle for 1 and 10 M, Tukey's test). Treatment of MCF-7 cells with RU486 at concentration of either 1 or 10 M in the presence of 1 M P4 attenuated, but did not abolish, the effects of P4 on the level of Per1 mRNA in MCF-7 cells (Fig. 5(B) ; P < 0.05, EtOH control and 1 M P4 vs. 1 M P4 and10 M RU486, Tukey's test).
Discussion
We observed that the rhythms of Per1, Per2, and Bmal1 expression varied with the stage of the estrous cycle in both reproductive and non-reproductive tissues of female rats. Focusing on Per2 rhythms in the uterus, more robust daily rhythms with an advanced peak phase were observed on proestrus compared with other stages. This in vivo result was also seen in the ex vivo experiment as uterine explants exhibited a larger amplitude and phase advanced rhythm in PER2::LUC expression when cultures were prepared on proestrus relative to metestrus. These data strongly support our hypothesis that the estrous cycle drives changes in the timing of the circadian clocks in reproductive tissues. However, the impact of the estrous cycle varied across tissues. In previous work, we found evidence that estrogen may be an important regulator of clock gene expression. Eliminating the estrous-driven changes in estrogen and progesterone by ovariectomy and E2 implants altered circadian rhythms of Per1 and Per2 mRNA expression in peripheral tissues including the liver, kidney, and uterus. These data suggest that E2 differentially regulates the rhythm of clock gene expression in these tissues [21] . In the central nervous system, there is evidence that PER2 expression in the bed nucleus of the stria terminalis and central nucleus of the amygdala, but not the SCN, varies across the estrous cycle in female rats [29] . In the present study, we also found that the rhythms of PER2::LUC expression in SCN explants were unaffected by the estrous stage. These data indicate significant tissue-specific effects of the estrous cycle on clock gene expression in both neural and non-neural oscillators, but not the SCN. It may be that these tissue-specific effects of the estrous cycle are mediated by cycle dependent changes in the distribution of hormone receptors and other proteins, such as coactivators and corepressors in the target tissue. For instance, in situ hybridization, immunocytochemistry, and RT-PCR analyses indicate that the SCN contains ER␤ [30] [31] [32] , whereas the liver and the kidney express abundant levels of ER␣ [33] and ER␣ is predominantly expressed in the uterus [34] [35] [36] . Further studies using additional molecular techniques will be required to determine how the estrous cycle modifies clock gene expression at the cellular level, with a focus on both steroid hormone binding to consensus sequences on target genes and pituitary peptide hormone receptor signaling mechanisms within target tissues.
Treatment of uterine explants with estrogen and progesterone concentrations intended to mimic the steroid hormone background of proestrus increased the amplitude and delayed the peak of PER2::LUC expression in the uterus. This effect is consistent with the response of the uterine rhythm of Per2 expression on proestrus that we observed in our in vivo and ex vivo experiments. Fur- ther, the phase-delay observed on the next treatment day matches the phase-delay of Per2 mRNA rhythm on estrus in vivo. These data support our second hypothesis, which suggests that fluctuating levels of circulating ovarian steroid hormones during the estrous cycle modulate the timing of clock gene expression in target oscillators.
We also found that P4, but not E2, acutely induces clock gene expression in MCF-7 human cancer cells. The MCF-7 expresses functional ERs and PRs [26] and has been extensively used as a model to study steroid hormone dependent signaling mechanisms. While they do not intrinsically represent a model for the direct effects of the estrus cycle on clock gene expression, the fact that they express functional steroid receptors and clock genes makes them an excellent model for the study of steroid effects on the molecular clock. Therefore, by extension, we propose that fluctuating steroid hormone levels in the cycling female can affect the molecular clock in target cells (e.g. uterus, ovary, etc.) that are known to express the components of the molecular clock. We observed a dose-dependent stimulatory effect of P4 on Per1 expression that was attenuated, but not abolished, by co-treatment with the P4-receptor antagonist RU-486. These data suggest that the molecular clock can be modulated by progesterone, acting via the PR in target cells. Further, 1 h treatment with P4 induced Per1 mRNA expression, but failed to stimulate either Per2 or Bmal1 mRNA expression in MCF-7 cells. P4 and E2 are known to exert their effects by binding to cytoplasmic nuclear hormone receptors that in turn bind to unique DNA sequences referred to as PRE (progesterone response elements) or ERE (estrogen response elements) [37] . There is a PRE-half sequence in the first intron and some ERE-half sites in the 5 flanking regulatory regions of the mouse Per1 gene (GeneBank accession number: AB030818). It is possible that P4 directly enhances Per1 transcription following direct binding and activation of these target elements in the Per1 promoter. Although further studies using ER and PR positive or negativecell lines will be required to determine how the classical nuclear steroid receptors regulate the circadian clock, our results indicate that MCF-7 cells are a good model to analyze how signaling from steroid hormones affects molecular clocks. Unlike previous reports [38] , we did not observe a significant effect of E2 on clock gene expression in these cells. This difference is likely to due treatment parameters as in the previous work. That is, E2 was applied at a considerably higher concentration (1 M) and duration (16 h) in that study relative to our present work (10 nM, 1 or 4 h). Another report also showed that 6 h of stimulation with 10 nM E2 induced Per1 mRNA expression in cultured rat uterine stroma cells [28] , the induction level in that study was ≤1.5-fold. Our previous ex vivo study revealed that 10 nM to 10 M E2 significantly shortened the period of PER2::LUC expression in cultured uterine explants, whereas P4 did not [24] . These data support the notion that E2 may directly affect the period and phase of the circadian clock in ER-positive tissues, without affecting the amplitude of clock gene expression. Further, it is reasonable to speculate, based on the current data and previous reports, that E2 and P4 act differentially but in concert to modulate circadian rhythms of clock gene expression within target tissues.
In summary, we have identified estrous cycle dependent changes in clock gene expression rhythms in both reproductive and non-reproductive tissues. The influence of fluctuating hormone levels during the estrous cycle on rhythms of clock gene expression in reproductive tissues was confirmed by bioluminescence recording of cultured uterine explants. We have also shown that progesterone treatment causes acute up-regulation of Per1, Per2, and Bmal1 expression in human breast cancer MCF-7 cells that are known to express nuclear hormone receptors. The effect of P4 in these cells was attenuated by the addition of a selective receptor antagonist, implicating classic PR-dependent signaling in the response of the clock to P4-treatment. Taken together, our results strongly support our hypotheses: (1) that the estrous cycle drives changes in the timing of the circadian clocks in reproductive tissues and (2) that fluctuating levels of circulating ovarian steroid hormones during the cycle modulate the timing of clock gene expression in target oscillators. Finally, our present and previous data suggest that ovarian steroid hormones mediate these effects by acting on their cognate receptors. By adjusting the timing of the circadian clock in tissues such as the uterus across the days of the estrous cycle, ovarian steroid hormones may play a critical role in the stable homeostasis of female reproductive function.
